The purpose of this study was to determine the efficacy of alkaline and acid amendments as management techniques for the remediation of firing point soils at Camp Edwards, MA for U.S. Army Engineer District, New England. It was assumed that the major potential source of dinitrotoluene (DNT) contamination was from firing 105 mm howitzers on the gun and mortar ranges over several decades. M1 propellant is approximately 90% nitrocellulose and 6-8% DNT with the remaining percentages being binders and plasticizer. Soil from the J1 IBA Range was shipped from Camp Edwards to the ERDC Environmental Laboratory, Vicksburg MS for characterization. Both caustic and acid treatments failed to leach more than 10% of total DNT from the nitrocellulose matrix, even following significant abrasion and size reduction of the propellant. The low extraction efficiency of DNT may be due to the manufacturing processes used to produce the propellant. The small proportions which may have been released during leaching tests were rapidly destroyed as seen in prior experiments carried out with laboratory grade propellants at ERDC. The study confirms that propellants encapsulated in nitrocellulose are essentially unavailable and will not therefore present an unacceptable environmental or ecological risk.
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Introduction
The purpose of this study was to determine the efficacy of well-mixed alkaline amendments as a technique for the remediation of firing point soils at Camp Edwards, MA, on behalf of the U.S. Army Engineer District, New England. This determination includes the quantities of slaked lime and/or caustic soda (sodium hydroxide) required to treat propellant-based dinitrotoluenes (DNTs) in the Camp Edwards soils. Training activities with 105 mm howitzers over several decades provided the major source of residual DNT in Camp Edwards soils on the gun and mortar ranges (Clausen et al. 2004 ). The M2A1 (M101A1) howitzer was the standard light field howitzer of the U.S. Army from World War II through the Vietnam era. The M101 was capable of firing a variety of projectiles, many of which contained M67 propellant (M1 105 mm M67). During live firing, residual propellant is ejected from the artillery piece, ultimately depositing on the soil surface in front of the firing point (Jenkins et al. 2008) .
A photo of unfired propellant is shown in Figure 1 . M1 propellant contains 90% nitrocellulose by mass and 6-8% (60,000-80,000 mg/kg) DNT with the balance being binders and plasticizer. A material safety data sheet (MSDS) is included in Appendix B. The physical form of unfired propellant is ~5 mm extruded cylinders coated with a small amount of graphite so that the individual grains do not stick together. Fired propellant residues consist of nitrocellulose fibers that retain DNT as part of the fiber matrix, making DNT extraction and quantification difficult in firing point soils (Walsh, et al. 2007 ). Remediation of DNT in a firing point soil is a two-step process. For DNT to be accessible to chemical or biological transformation, it must first diffuse away from the nitrocellulose matrix. This diffusion process is relatively slow (Dontsova et al. 2009 ). After diffusion, the alkaline chemical transformation of aqueous DNT is relatively rapid (Johnson et al. 2012) . With this in mind, the efficacy determination for treatment of firing point soils encompassed a complete soil characterization followed by a determination of soil DNT content, an alkaline material requirement, and a treatability study. Additional studies of DNT removal and degradation from propellant fibers were made using alkaline and acidic solutions.
Materials and Methods
Site Soil Characterization
Soil preparation
Two 55-gallon containers of soil from Camp Edwards (J1 IBA Range) were shipped to the ERDC Environmental Laboratory, Vicksburg, MS, for characterization. The soil was passed through a ¼-in screen (Figures 2 and 3 ) to remove rocks and large plant pieces. After separation, the soil was placed in a high density polyethylene (HDPE) rectangular container for drying in the air-conditioned pilot area of the research facility. Over a period of 5 weeks the soil was blended daily with flat shovel and garden rake to provide a homogeneous mix of the soil.
Soil sampling and analysis
Samples of the prepared soil were collected for explosives residual analysis using a 25-point composite technique developed by ERDC (Figure 3 ). Twenty-five randomly allocated subsamples were removed from the bulk prepared soil using 3/4-in. AMS butyrate plastic soil recovery liners (Forestry Supply, Jackson, MS). The subsamples were well mixed, yielding a representative composite and then split for chemical and physical analysis. Recoverable metals were determined by grinding, microwave-assisted digestion, and atomic emission spectroscopy. The soil particle size was reduced to less than 1-µm using PULVERISETTE 5 (Fritsch, Idar-Oberstein, Germany) planetary mill with nonmetallic agate bowls and grinding balls. Agate materials ensure that no additional metals are introduced to the soil during grinding. The ground soil was microwave digested following U.S. Environmental Protection Agency (USEPA) SW846-Method 3051 (1999) for total recoverable metals and analyzed using inductively coupled plasmaatomic emission spectroscopy (ICP-AES). The reporting limit was 5 mg/kg for soils using a Perkin-Elmer Optima 4300 dual view (Perkin-Elmer, USA).
The procedure for explosives analysis included soil grinding in a Roller Mill Alumina (85% Al 2 O 3 ) jar coated with polyurethane following the procedure described in . This grinding method does not generate excess heat preventing alteration of the energetic material in the sample. Explosives in soil were analyzed by a modified SW-846 Method 8330B (USEPA 1999). This method is intended for trace analysis of explosives and propellant residues by high performance liquid chromatography (HPLC) using an ultraviolet (UV) detector set at 254 nm. The HPLC used for this analysis was a Dionex Summit System with a UV detector equipped with Dionex E1 and E2 columns (similar to Supleco's C-18 and CN that are listed in Method 8330B).
Following soil grinding, known masses of soil were extracted and analyzed by HPLC. Five separate soil replicate samples were analyzed from the 25-point composite sample. These five replicates contained no detectable quantity of DNT, so an additional 10 replicate samples from a composite drum soil sample were also analyzed. Replicates of each soil fraction were extracted with acetonitrile in an ultrasonic bath. The method was modified from a standard 1:5 soil to acetonitrile ratio because M1 propellant readily sorbs acetonitrile. A ratio of 1:20 provided better analytical extraction of DNT compounds from the nitrocellulose matrix. An aliquot of acetonitrile extract was diluted 1:1 with HPLC grade water prior to analysis. The mobile phase was 1:1 methanol:water (v:v) at a flow rate of 1 mL/min.
Other analyses included moisture content, sieve analysis, liquid limit, soil pH, and alkaline material requirement. The moisture content was determined by American Society for Testing and Materials (ASTM) Method D2216 (1998). The soil was placed in a metal can, weighed, and placed in a 105 o C oven for 24 hours then allowed to cool in a desiccator before the final weight was recorded. Particle size of the soil was determined by ASTM C136 (2006). Air-dried soil was weighed then placed in the top sieve screen on a Ro-Tap ® sieve shaker. Agitation was set for 15 minutes, and then the relative weights of soil retained on each screen were recorded. Soil pH was determined by mixing 10 grams of soil with 10 mL of deionized water and determining the pH by electrode after 30-min and 2-1/2 hours. The liquid limit was determined by ASTM D4318 (2010). 
M1 Propellant Studies
M1 grain size reduction
The M1 propellant, as received, was an extruded nitrocellulose cylinder with a hardened surface to minimize abrasion in handling. Several methods were tested for reducing the grain size of the propellant, making it a suitable fired propellant simulant. Each initial attrition mill test included 4 g of the propellant, 200 g of either sand or Camp Edwards soil, and 200g of ceramic grinding balls (Table 1 ). The most successful method used a rolling ball mill with ½-in. diameter ceramic balls and a combination of propellant and either clean filter pack sand or Camp Edwards soil. All materials were weighed on an open top balance and placed in the roller mill jar. The jars were rotated at approximately 100 rpm for seven days. The contents of the jars were poured through # 10 (2.00 mm) and # 20 (0.841 mm) sieves to separate the ceramic balls and the propellant from the sand or soil media. 
Hydroxide requirement
Hydrated lime (Ca(OH) 2 ) and sodium hydroxide (NaOH) were evaluated as sources of hydroxide ion for the alkaline hydrolysis of M1 propellant in soil from Camp Edwards. Testing was performed to determine the mass of each alkaline chemical required to elevate firing point soil to the pH necessary for destruction of the propellant. The instructions for this procedure may be found in Davis et al. (2007, Appendix C) and Appendix D of this report.
Aqueous Batch Reactor Studies
Both crushed and uncrushed M1 propellant samples were used in batch studies to determine effective DNT destruction approaches in nitrocellulose matrices.
Alkaline hydrolysis
This test was conducted to determine whether Ml propellant solids degraded under extreme alkaline conditions. Alkaline hydrolysis batch tests were conducted using 2 grams of whole or crushed M1 propellant in 500 mL of deionized water (DI) adjusted to pH 12.2 or 13. The crushed propellant was prepared by grinding whole propellant with a mortar and pestle to make more surface area available to the alkaline solution. Sodium hydroxide (50%) was added to the DI water of each beaker to increase pH to the appropriate value and the solution pH was measured using a pH electrode ( Table 2 ). Each reaction condition was kept continuously stirred for two weeks. Liquid samples in 2-mL aliquots were taken from each reactor on days 0, 3, 7, 11, and 14. The samples were acidified with 1 M sulfuric acid to quench the alkaline reaction preserving the explosives (DNT) for analysis. After two weeks, the water and propellant in each beaker were neutralized with 1 M sulfuric acid and poured through a 90-mm vacuum filtration flask to separate the remaining propellant solids. The filter was glass fiber with a 90-mm diameter and a nominal pore size of 2.7-μm (Advantec MFS GF7590MM). Additional filtration using a 0.45-µm filter was conducted prior to analysis by HPLC. The initial and final weights of each filter were obtained to determine the mass of propellant retained at the end of each experiment.
The analysis of all propellant solids was conducted using a modified US EPA Method 8330B, which included sonication and extraction of the energetic material using acetonitrile. The liquid supernatant from the explosives extraction as well as the hydrolysate from each batch reactor were analyzed for DNT content. Hydrolysate samples were diluted by 20: 1 for analysis. The supernatant acetonitrile from propellant extraction was diluted 1000: 1 for both the DNT isomers to be within the calibration range of the HPLC standards.
Acid hydrolysis
The efficacy of using acid hydrolysis to degrade M1 propellant was performed using hydrochloric acid to adjust the pH to 2. This test also simulates bioavailability, as the test conditions are consistent with stomach acid conditions. Batch reactors were run in duplicate with 500 mL of deionized water adjusted to pH 2 with hydrochloric acid (HCl) and 2 grams of M1 propellant in 600 mL beakers. A magnetic stir bar was set to rotate at ~120 rpm so that the propellant would remain suspended in the solution. Samples were taken after 3, 6, and 12 days and analyzed by HPLC using a Supelco C-18 column with 50:50 methanol: water (v:v) mobile phase.
After two weeks, the acidic solution was decanted from the beaker containing the propellant. The wet propellant was placed in a weighing dish and dried in a 40 o C oven for 24 hours. After drying, the propellant was analyzed using a modified US EPA Method 8330B (1999) to determine the DNT concentrations remaining in the propellant.
Results and Discussion
The Camp Edwards soil had an initial moisture content 0f 8-9% W H2O /W dry soil and the final average soil moisture was 1.2% (Table 3 ). The soil was essentially dry at 1.2 % moisture content indicating the soil contained mostly sand with little clay. The results of sieve analysis are presented in Table 4 and Figure 5 . The analysis shows that the soil was mostly sand with less than 0.5% passing the #200 sieve. Figure 5 illustrates the sieve analysis of soil before and after passing ¼-in screening. Soil pH is presented in Table 5 , and replicate samples of dried soil indicate an initial soil pH of roughly 4.9.
Soil physical characteristics are presented in Table 6 . The liquid limit for the Camp Edwards soil was determined by a Casagrande device to occur at 23.5% moisture content. The plastic limit was also observed at 23.5% moisture yielding a plasticity index of 0. Based on the analysis of numerous liquid limit tests at ERDC, a one-point empirical equation was proposed in the form of: where N is the number of blows in the Casagrande device for a 0.5 inch groove closure, w N is the corresponding moisture content, and tan  is 0.121. Note that tan  is not equal to 0.121 for all soils (Casagrande 1932) . The one-point method yields an ASTM D-4318 liquid limit of 21.5% ( Figure 6 ). The results of the metals analysis are listed in Table 7 . The highest metals concentrations were iron and calcium at 12,944 and 429.54 mg/kg, respectively. This is consistent for native metals concentrations in natural soils. The highest heavy metals concentrations were Cu>Zn> Ni.
No explosives compounds or metabolic products were detected in the Camp Edwards firing point soil by SW-846 Method 8330B in either the original 25-point composite or in replicate samples. As a result, a straightforward treatability study of the soils was not possible. From this point, the study focused on treating fresh or prepared propellant pieces and assessing the feasibility of soil amendment for treatability studies.
M1 Propellant Study M1 grain size reduction
Crushing the propellant pieces with a mortar and pestle flattened the material into loosely attached fibers. After ~8 hours of grinding in a ceramic ball roller mill with clean sand, there was a noticeable color change in the soil; the propellant tubes were reduced in size as well. Some of the propellant was observed to be in broken pieces.
A more aggressive rolling jar mill approach was used, incorporating ceramic balls with either clean filter pack sand or Camp Edwards firing point soil and propellant. After rotating in the ball mill for one week, the soil was sieved using #10 (2.00-mm) and #20 (0.841-mm) sieves. The resulting fraction masses are given in Table 8 . All the sand passed through the #20 sieve to the pan. Most of the M1 propellant grains were retained on the #20 sieve with a few grains of propellant in the pan. All visible grains or pieces of propellant were removed from the sand with plastic forceps and combined with the propellant retained on the #20 sieve. The mass balance from the sand experiment shows a loss from the system of 3.65 grams. There was no observed loss of propellant mass, so this experimental error can be attributed to sand loss during sample transfer. The M1 propellant removed from the Camp Edwards soil jar was coated with soil increasing the retained mass within the propellant fraction. After washing and drying the propellant fraction to remove soil particles, 3.95-g of propellant was recovered. The remaining fractions from the grinding exercise were analyzed for DNT concentration, and the complete results are listed in Table 9 . In both cases, the continuous grinding over the course of a week resulted in some mass of DNT being incorporated into the soil sample. On average, the sand media acquired 45-mg/kg total DNT during grinding and the Camp Edwards soil media acquired 66-mg/kg total DNT during grinding. Note that the clean quartz filter pack sand generally had a higher concentration of DNT. The clean quartz filter pack sand was uniform and has sharp edges while the Camp Edwards soil appeared to be more weathered. The total DNT mass remaining with the media was 9-mg for the sand and 13.2-mg for the Camp Edwards soil. This represents a mass loss of 0.01% during grinding with sand and 0.02% during grinding with Camp Edwards soil. In either case, the total mass loss of DNT from the nitrocellulose matrix during an aggressive low temperature grinding process was minimal.
Hydroxide requirement
The results of alkaline requirement tests are listed in Table 10 and illustrated in Figure 7 . The proposed target concentration of lime and sodium hydroxide were 1 and 2 percent by mass. These tests show that 1% and 2% lime addition caused a final pH of 11.4 or 12.3, respectively, in the firing point soil. For sodium hydroxide at 1% and 2% addition, the pH approached 12.6 or 12.9, respectively. 
Aqueous Batch Reactor Studies
Whole and crushed propellant pieces were subjected to aqueous batch testing under highly acidic or highly alkaline conditions as a measure of the availability and/or recalcitrance of the DNT contained in the propellant matrix.
Alkaline hydrolysis
Four alkaline hydrolysis batch experiments were conducted using whole and crushed M1 propellant at pH 12 and pH 13. The continuously stirred reactors were sampled on days 0, 3, 7, 11, and 14. The samples were neutralized with 1 M sulfuric acid to quench the alkaline reaction while preserving DNT in the samples for analysis. The water from all alkaline hydrolysis batch reactors was noted to have a reddish-brown color at the end of the experiments.
The analytical results from the hydrolysate are listed in Table 11 . Only 2,4-DNT was detected in the alkaline experiments. All other energetic compounds on the US EPA Method 8330 analyte list were below detection limits (i.e. < 0.020 mg/L). The liquid data was statistically fitted using a first order exponential decay equation and plotted in Figure 8 for pH 13 (top) and pH 12.2 (bottom). The plots illustrate the difference between the whole and crush propellant at each pH tested. The predicted first order decay coefficient, initial concentration constant, and the half-life are listed in Table 12 .
The half-life for the whole sample at pH 12 is almost twice as long as the corresponding half-life for the crushed sample. These results are reversed at pH 13, and given the relatively low number of data points, the half-life differences are not statistically distinguishable. The model shows that the crushed propellant gives a higher predicted initial concentration than the whole propellant for both pH values tested. Since the crushed propellant has more surface area for DNT dissolution, these results are expected. The half-life data support this finding. Less DNT was available to alkaline conditions in the whole propellant test because the whole propellant had less surface area and the DNT from both whole and crushed propellant were subject to the same pH. The DNT from whole propellant, therefore, appeared to degrade faster because of the lower initial concentration. The experimental first order kinetic coefficient for DNT degradation was not determined. The remaining propellant solids were extracted for DNT determination, and the results are listed in Table 13 . The final DNT concentrations indicate that approximately 90% of the 2,4-DNT remained in both the whole and crushed samples and over 80% of the 2,6-DNT remained in the solids when compared to the initial concentrations. Replicate extractions were not possible due to limited sample mass. The solids mass balance for each condition is given in Table 14 . Between 92.7% and 98.5% of the total propellant mass was recovered from each reactor. Most of the DNT in the study was untreated and remained with the solid propellant. It is apparent that subjecting propellant to an extremely caustic environment for two weeks is not sufficient to remove or degrade the DNT within the propellant matrix. The DNT that dissolved was subject to degradation under the alkaline conditions of the experiments. As an example, the crushed propellant test at pH 13 yielded a total DNT mass loss of 10.1-mg from the solid propellant over the course of the experiment. From this lost mass, 2.4-mg of total DNT remained in the reactor vessel at the end of two weeks. Consequently, of the total DNT mass introduced to the alkaline reactor, 86.4% of the DNT remained with the nitrocellulose matrix, 3.2% remained in solution at the end of the experiment, and the balance was destroyed by the reactor conditions.
Alkaline hydrolysis experiments with pure 2,6-DNT in solution at pH 12.5 have been conducted at ERDC-EL. The results are provided in Figure 9 for reference purposes. The alkaline hydrolysis proceeds reasonably efficiently if the DNT is in solution and not encapsulated in nitrocellulose. The first order decay reaction rate coefficient was 0.0044 h -1 with a half-life of 6.6 days. The observed half-life of dissolved DNT in the pH 13 propellant experiments was 6.2 days. Since the half-lives of these experiments are similar, this further substantiates that when the DNT becomes available to the alkaline liquid it will decompose. 
Acid hydrolysis
The propellant solids were analyzed before and after exposure to acidic conditions in continuously stirred reactors as a measure of extractability. The initial concentrations of 2,4-and 2,6-DNT in the M1 propellant were 32,635 mg/kg and 45,507 mg/kg, respectively. The final concentrations of 2,4 and 2,6 DNT extracted from the propellant were 33,642 mg/kg and 53,784 mg/kg, respectively (Table 15 ). All of the initial propellant was from the same production batch, and the complete propellant mass from each reactor condition was used in the final extraction process.
The DNT liquid concentration from samples taken on day 3 and day 12 are essentially the same (Table 16 ). However, the data from day 6 shows greater than 2 mg/L increase in 2, 4-DNT in both replicates. The most notable aspect of this analysis is that very little 2, 6-DNT is present in solution when compared with the solid propellant extraction process. There is insufficient data available to determine an explanation for this observation. The chromatograms display no other peaks in the analysis, so there is no evidence for other detectable breakdown products.
The mass balance around the solid M1 propellant by duplicate shows that 0.5% and 5% is missing (Table 17 ). The results indicate that only ~10% of the DNT leached from the propellant under vigorous stirring conditions after 12 days and indicates that most of the solubilized fraction of the 2,6-DNT may have been hydrolyzed in solution. The data suggests that only a small portion of the propellant is available for acid leaching and this quantity disappears rapidly (in less than 3 days up to the first sampling). This could be confirmed with fired propellant; however, insufficient powder fibers were available for analysis. No visible solids were detected in the samples; therefore, the solutions were not filtered for separate analysis at the end of the experiment. The observed low availability of DNT is consistent with previous observations of propellant residues (Dontsova et al. 2009 ). 
Conclusions
The current effort demonstrates that subjecting propellant-affected soil to even extremely aggressive conditions does not release more than 10% of the total DNT mass for remediation. The total DNT load of propellant affected firing point soils remains practically inaccessible using alkaline or acid treatment strategies. It can be expected that rates of release for DNT associated with fired propellant will remain extremely low (Dontsova 2009 ).
The results indicate that roughly 10% of the dinitrotoluene in unfired M1 105 M67 propellant is available to hydrolysis liquids under aggressive acid or alkaline conditions. Long-term grinding did not result in appreciably greater DNT release from the propellant. The low extraction efficiency of DNT may be due to the manufacturing processes used to produce the propellant. Walsh et al. (2007) report that fired propellant fibers are also very difficult to abrade. Even a ring grinder under much higher intensity than the roller mill used in the current experiments failed to appreciably release DNT to aqueous solution. The conclusion of the investigation was that DNT remained encapsulated within the nitrocellulose matrix even when deposited at a firing point. The results generated in this report are therefore considered to be representative of both fired and unfired propellant.
of the amount of lime (per 20 grams of soil) that is needed to bring the soil to the desired pH. 11. This value is used in the calculation to determine tons of lime to be added to the soil for either a plowed-in treatment or a top-dressing treatment. 
Calculation of lime dosage
The lime dosing rate has been determined above. The calculations must now account for density of the soil and density of the lime. The soil density is generally estimated to be 1.6 g/cm 3 or 100 lb / ft 3 . The lime density can be obtained from the MSDS sheet provided by the manufacturer, but can be estimated at 2.24 g/cm 3 , or 140 lb/ft 3 .
Soil volume * Soil density (est.) * Lime rate = total quantity of lime Total quantity of lime * lime density = total volume of lime required.
An example calculation is provided in Table D3 . In this case a 9-acre site was being limed to a depth of 6 in (0.5 ft). The lime dosing rate was 0.5%. Performing the calculations above, the total quantity of lime to be applied was 49 tons or 26 cubic yards. For ease in purchasing, bulk lime is sold in 50-lb bags that make up pallets of 2 tons. 
